In the well-fed state a relatively high activity of the pyruvate dehydrogenase complex (PDC) reduces blood glucose levels by directing the carbon of pyruvate into the citric acid cycle. In the fasted state a relatively low activity of the PDC helps maintain blood glucose levels by conserving pyruvate and other three carbon compounds for gluconeogenesis. The relative activities of the pyruvate dehydrogenase kinases (PDKs) and the opposing pyruvate dehydrogenase phosphatases determine the activity of PDC in the fed and fasted states. Up regulation of PDK4 is largely responsible for inactivation of PDC in the fasted state. PDK4 knockout mice have lower fasting blood glucose levels than wild type mice, proving that up regulation of PDK4 is important for normal glucose homeostasis. In type 2 diabetes, up regulation of PDK4 also inactivates PDC, which promotes gluconeogenesis and thereby contributes to the hyperglycemia characteristic of this disease. When fed a high fat diet, wild type mice develop fasting hyperglycemia but PDK4 knockout mice remain euglycemic, proving that up regulation of PDK4 contributes to hyperglycemia in diabetes. These finding suggest PDK4 inhibitors might prove useful in the treatment of type 2 diabetes.
REGULATION OF PYRUVATE DEHYDROGENASE COMPLEX
In the well-fed state the pyruvate dehydrogenase complex (PDC) is converted into its most active dephosphorylated state in order to direct pyruvate into the citric acid cycle. PDC activity is tightly regulated by phosphorylation by four pyruvate dehydrogenase kinases (PDKs) and dephosphorylation by two pyruvate dehydrogenase phosphatases (PDPs) (Fig. 1) [1, 2] . The PDKs and PDPs exhibit unique tissue expression patterns, kinetic properties, and sensitivities to regulatory molecules [3, 4] . All four PDKs are subject to regulation at the level of transcription. Expression of PDK1 and PDK3 is stimulated by HIF1α [5] [6] [7] , making these PDKs of considerable interest in hypoxia and cancer. Expression of PDK2 and PDK4 is controlled by nutritional factors and hormones [8] [9] [10] [11] [12] [13] [14] [15] [16] , making their roles of great interest in starvation and diabetes. PDK3 has received less attention, but is emerging as important since its expression is subject to regulation by HIF1α [7] and the carbohydrate response element binding protein (ChREBP) [17] . Although the PDKs are encoded by genes located in the nucleus, they are markedly different in sequence and three-dimensional structure from other serine protein kinases present in eukaryotic cells, which may facilitate the discovery of specific small molecule inhibitors. Phosphorylation of serine residues of the E1α component of PDC by PDKs inactivates the complex (Fig. 1 ). Dephosphorylation by PDPs activates the complex. The complex does not exist in any tissue in a completely active, dephosphorylated state nor in a completely inactive, phosphorylated state. The relative activities of the PDKs and the opposing PDPs determine the extent of phosphorylation and therefore the activity of the complex. Induced changes in activities of the kinases relative to the phosphatases during transitions to different nutritional and hormonal states result in substantial change in the phosphorylation state and therefore PDC activity. The products of the overall reaction, acetyl-CoA and NADH, indirectly inhibit the complex by activating the PDKs [18] Fig. 1) [19] . The consequence is greater E1 phosphorylation and less PDC activity. Whereas the products of PDC promote inactivation of the complex, its substrates (pyruvate, NAD + , and CoA) induce activation by inhibition of the kinases (Fig. 1 ) [20] . Pyruvate is most important since its concentration fluctuates more dramatically in different nutritional states. Since PDK4 is less sensitive to pyruvate inhibition than PDK2, the shift to greater PDK4 expression during fasting and fat feeding decreases the effectiveness of pyruvate as an activator of PDC in these nutritional states [21] .
During fasting PDC is progressively shut down by phosphorylation in most tissues of the body. High serum levels of free fatty acids (FFAs) generated by lipolysis in the adipose tissue promote fatty acid oxidation in most tissues of the body. Reduced insulin levels and elevated levels of serum FFAs and glucocorticoids induce expression of PDK4 in muscle, kidney, liver, and heart, and PDK2 in liver and kidney. Inhibition of the conversion of pyruvate to acetyl-CoA by decreased PDC activity induced by the PDKs in peripheral tissues, especially skeletal muscle, heart, and liver, conserves three carbon compounds (pyruvate, lactate, and alanine) that are used by the liver to make glucose. Inactivation of the PDC in the liver blocks ketone body synthesis from three carbon compounds but allows ketone body synthesis from fatty acids and ketogenic amino acids. Inhibition of ketogenesis from three carbon compounds is critical because no pathway exists for the conversion of ketone bodies into glucose. Conservation of the compounds that can be used to synthesize glucose at the expense of compounds that can not be converted to glucose (fatty acids, acetyl-CoA, and ketone bodies) helps maintain the blood glucose levels required by the brain and red blood cells. Inactivation of the PDC in starvation indirectly conserves body protein because it minimizes the need for gluconeogenesis from gluconeogenic amino acids and prevents complete oxidation of the carbon skeletons of gluconeogenic amino acids. Indeed, survival during long-term starvation depends upon inactivation of PDC. If the complex remained active in the starved state, the three carbon compounds needed for gluconeogenesis would be converted to CO2 in peripheral tissues and to ketone bodies in the liver. Since survival requires maintenance of glucose levels, animals would have to consume their protein stores at a faster rate as a carbon source for the gluconeogenesis. Since pyruvate is an intermediate in the catabolism of several amino acids, much of the carbon coming from protein would be wasted. Thus, control of the PDC plays an important role in determining the fuel used by tissues in different nutritional and hormonal states.
IMPORTANCE OF REGULATION OF PDC BY PDK IN TYPE 2 DIABETES
Remarkable upregulation of PDK4 occurs in humans with type 2 diabetes [13, 22, 23] , in genetic animal models of type 2 diabetes [24] , in animals fed a high fat diet [21] , and in humans fed a high fat diet [25] . Type 2 diabetes is usually the result of a combination of insulin resistance and insulin insufficiency. In the insulin resistance state, the pancreas still makes insulin but the amount released is not enough to normalize blood glucose. Would a PDK inhibitor prove useful in the treatment of type 2 diabetes? Perhaps, but it is not certain. Boosting PDC activity in tissues with a PDK inhibitor will lower blood glucose levels which may reduce the toxic effects of hyperglycemia on the Fig. 1 The combination of uptake of too much unesterified fatty acid in the face of reduced or defective fatty acid oxidation results in the accumulation of TAG as well as proinflammatory lipids (fatty acylCoA, diacylglycerol, and ceramide) that activate the serine/threonine stress kinases (JNK, IKKβ, and PKCθ) that are responsible for inactivation of components of the insulin signaling cascade [27] . PDK4 deficiency increases blood levels of FFAs and inhibits fatty acid oxidation [28] , a combination that would be expected to induce insulin resistance by this mechanism. As to how PDK4 deficiency inhibits fatty acid oxidation, greater PDC activity may lead to an increase in malonyl-CoA, inhibitor of carnitine palmitoyltransferase I (CPT1), the rate-limiting enzyme in fatty acid oxidation. Since long chain acyl-CoA esters are converted to carnitine esters by CPT1, inhibition of CPT1 by malonyl-CoA should increase long chain acyl-CoA esters which in turn may increase diacylglycerol and ceramide, resulting in insulin resistance. It is known that inhibition acetyl-CoA carboxylase which produces malonyl-CoA protects against dietinduced insulin resistance [29] . In spite of what on paper seems should happen, PDK4 deficiency partially protects mice against diet-induced insulin resistance [29] . Although this finding doesn't fit with the model giving in Fig. 2 , there are other findings that challenge the current view of the mechanism by which fatty acids induce insulin resistance. For example, data obtained with malonyl-CoA decarboxylase knockout mice also do not support this model [30] . Theoretically, elevated levels of malonyl-CoA in the malonyl-CoA decarboxylase knockout mouse should inhibit CPT1 and thereby increase long chain acyl-CoA esters, diacylglycerol, and ceramide, which in turn should induce insulin resistance by activation of the stress kinases. Instead, malonyl-CoA decarboxylase knockout mice are partially protected, like PDK4 -/-mice, against the development of insulin resistance. Based on these findings, Koves et al. [30] proposed that high levels of FFAs may induce a mitochondrial overload or stress by exceeding the capacity of the mitochondria for fatty acid oxidation. They further proposed that mitochondrial overload may induce the accumulation of "incomplete products of fatty acid oxidation, " e.g., acyl carnitine ester intermediates that function as proinflammatory compounds responsible for activation of the stress kinases.
ARE THE PDKs VIABLE TARGETS FOR THE TREATMENT OF TYPE 2 DIABETES?
Upregulation of PDK4 in diabetes begs the question of whether PDK4 and the other PDKs should be considered therapeutic targets for the treatment of diabetes. PDK4 -/-mice, generated in an attempt to answer this question, have lower than normal fasting blood glucose levels and slightly but significantly better glucose tolerance [28] . This is observed in both chow-fed PDK4 -/-mice that have normal insulin sensitivity [28] and diet-induced obese PDK4 -/-mice that are insulin resistant [31] .
Dichloroacetate, a well-established PDK inhibitor, decreases fasting blood glucose levels but has relatively low potency and long term treatment causes peripheral neuropathy [32] [33] [34] . 2-chloroproprionate also inhibits the PDKs, lowers fasting blood glucose levels, but also induces peripheral neuropathy [35] . α-Lipoic acid also inhibits the PDKs [36] , stimulates pyruvate oxidation and inhibits fatty acid oxidation and gluconeogenesis by hepatocytes [37] . These effects likely explain why lipoic acid increases insulin-stimulated glucose disposal in patients with type 2 diabetes [38] and decreases blood levels of lactate and pyruvate [39] . Nevertheless, the mechanism of action of lipoic acid is complicated by its conversion to a CoA ester which inhibits mitochondrial processes by sequestering CoA in the mitochondrial matrix space [40] . The latter inhibits gluconeogenesis [41] and may increase the concentration of AMP and thereby stimulate AMP-activated protein kinase [41] . A synthetic inhibitor of the PDKs, SDZ048-619, increases PDC activity in tissues of the hyperglycemic Zucker diabetic rat and reduces blood lactate but, surprisingly, does not lower blood glucose [42] . In contrast, AZD7545, originally reported to be a specific inhibitor of PDK2 [43] , but which we now know also inhibits PDK1 and PDK3 [44] , markedly lowers blood glucose in hyperglycemic Zucker diabetic fatty rats [45] . Leelamine, another synthetic inhibitor of the PDKs [46] looks particularly promising as a lead compound. It lowers blood glucose in ob/ ob mice [46] , and inhibits glyceroneogenesis in isolated adipocytes by activating PDC [47] .
ROLE OF GLYCERONEOGENESIS IN ACCUMULATION OF FAT IN TISSUES
The term glyceroneogenesis refers to a pathway for the synthesis of the glycerol moiety of TAG from precursors other than glucose (Fig. 3 ) [48] . The pathway of glyceroneogenesis from lactate, pyruvate, and alanine shares many steps with gluconeogenesis from these substrates. Indeed, like gluconeogenesis, glyceroneogenesis is of greater importance in the fasted state than in the well-fed state. Dietary fat, absorbed as chylomicrons, is cleared from the circulation by adipose tissue lipoprotein lipase which releases FFAs. FFAs are esterified with glycerol 3-phosphate derived from glycolysis (using glucose taken up via insulin-stimulated GLUT4). During fasting, low insulin levels permit the activation of TAG lipases by protein kinase A, hydrolysis of stored TAG, and release of FFAs and glycerol. Much of this FFA is recycled within adipose tissue by re-esterification with glycerol 3-phosphate. Since insulin levels are low, glucose is not available for synthesis of glycerol 3-phosphate. Glycerol 3-phosphate therefore must be generated either by "glyceroneogenesis" from pyruvate, lactate, or alanine, or by phosphorylation of glycerol by glycerol kinase. Glyceroneogenesis is quantitatively much more important than the former [48] . Indeed, like gluconeogenesis, glyceroneogenesis depends on the activity of cytosolic phosphenolpyruvate carboxykinase (PEPCK), which converts oxaloacetate to phosphoenolpyruvate (PEP). Knocking out PEPCK expression in white adipose tissue abolishes glyceroneogenesis from pyruvate [49] , resulting in lipodystrophic mice. Conversely, over expression of PEPCK in white adipose tissue increases the rate of glyceroneogenesis from pyruvate, resulting in obese mice [50] . Likewise, over-expression of PEPCK in skeletal muscle results in massive fat accumulation in muscles [51] . Thus, the pathway of glyceroneogenesis plays an important role in intracellular fat accumulation. Although not directly on the pathway of glyceroneogenesis, PDC is positioned to interfere with glyceroneogenesis by the same mechanism that it interferes with gluconeogenesis, i.e., by reducing the availability of lactate, pyruvate, and alanine (Fig. 3) . Furthermore, glyceroneogenesis has also been shown to be the most important source of glycerol 3-phosphate for the synthesis of VLDL in the human liver [52] . It is estimated that glucose via glycolysis provides ~15% of glycerol 3-phosphate required for TAG synthesis whereas direct phosphorylation of free glycerol provides ~35% and glyceroneogenesis provides ~50%. Therefore, our working hypothesis is that abolishment of PDK activity can reduce adiposity (and therefore body weight) by limiting the availability of lactate, pyruvate, and alanine for glyceroneogenesis in adipose, liver, and other tissues. Indeed, activation of PDC by inhibition of PDK inhibits glyceroneogenesis in isolated adipocytes [47] .
KNOCKING OUT PDK4 REDUCES GLUCOSE LEVELS IN FASTING AND STARVATION
Strong upregulation of PDK4 during fasting and starvation suggests a dominant role for this PDK in regulation of fuel homeostasis in these conditions. Studies with PDK4 -/-mice support this conclusion [28, 31, 53] . Blood glucose levels are invariably lower in overnight-fasted PDK4 -/-mice than overnight- 
KNOCKING OUT PDK2 HAS NO EFFECT ON BLOOD GLUCOSE LEVELS

KNOCKING OUT PDK4 LOWERS FASTING BLOOD GLUCOSE LEVELS, IMPROVES GLUCOSE TOLERANCE, AND IMPROVES INSULIN SENSITIVITY IN MICE FED A HIGH UNSATURATED-FAT, HIGH-GLUCOSE DIET
Experiments to determine the effects of knocking out PDK4 on diabetes were carried out with mice fed a high-unsaturated fat, high sucrose diet that is known to induce hyperglycemia and insulin resistance [31] . No differences in blood metabolites were found wild-type and PDK4 -/-mice maintained on this diet were compared in the fed state. Significant differences emerged, however, when blood obtained from overnight fasted mice was analyzed [31] . Fasting blood glucose levels were significantly lower in the PDK4 -/-mice throughout an 18-week feeding period. PDK4 -/-mice were significantly more glucose tolerant than wild-type mice after 16 weeks on the high-fat diet. Insulin levels increased slightly in both groups during the test without significant differences. Nevertheless, insulin tolerance tests revealed significantly greater insulin sensitivity in the PDK4 -/-mice after 17 weeks on the diet. Glucose levels were 20% lower in the blood of PDK4 -/-mice at the time of their sacrifice after 18 weeks on the high-fat diet. Gluconeogenic precursors (lactate, pyruvate, and alanine) were lower in the PDK4 -/-mice but FFAs, TAGs, 3-hydroxybutyrate, acetoacetate, and BCAAs were higher. Total PDC activities (completely dephosphorylated state) did not differ between PDK4 -/-mice and wild-type mice regardless of whether fed or fasted. The activity states of PDC were significantly higher in the fed state in skeletal muscle and diaphragm of PDK4 -/-mice. Relative to the fed state, the activity state of PDC was reduced by overnight fasting in all tissues of PDK4 -/-mice with the exception of the kidney. Likewise, in the fasted state the activity state of PDC was significantly higher in the tissues of PDK4 -/-mice.
Diaphragms from PDK4 -/-mice oxidize glucose at a rate greater than diaphragms from wild-type mice. Less pyruvate accumulates in the incubation medium with diaphragms from PDK4 -/-mice. Palmitate inhibited glucose oxidation in dia-phragms from wild-type mice but exerts no inhibition with diaphragms from PDK4 -/-mice, indicating inhibition of glucose oxidation by palmitate requires induction of PDK4. The rate of palmitate oxidation is lower in diaphragms isolated from PDK4 -/-mice relative to diaphragms from wild-type mice.
KNOCKING OUT PDK4 REDUCES ADIPOSITY AND HEPATIC STEATOSIS IN MICE FED A HIGH-SATURATED FAT DIET
The experiment described above with high unsaturated-fat, high-sucrose fed mice was followed by studies in which wildtype and PDK4 -/-mice were fed a high-saturated fat diet (no sucrose) [53] that induce high blood glucose levels, insulin resistance, and (in contrast to high unsaturated-fat, high-sucrose diet) hepatic steatosis [54] . Wild-type and PDK4 -/-mice were maintained on this diet for 28 weeks. Fasting blood glucose levels were lower, glucose tolerance improved, and insulin sensitivity greater in the PDK4 -/-mice [53] . The activity state (% active) of the PDC was significantly greater in liver and skeletal muscle of PDK4 -/-mice after overnight fasting. Serum FFAs and ketone bodies were elevated more in PDK4 -/-mice, consistent with slower rates of oxidation. Interestingly, PDK4 -/-mice gained less weight than wild-type mice on the diet. Although the two types of mice gained similar amounts of weight for the first 8 weeks on the diet, the wild-type mice gained weight at a faster rate after this point, even though no difference in food consumption could be detected between the two groups. Furthermore, adiposity, as measured by weight of the adipose tissue relative to the body weight, was found to be 13% less in PDK4 -/-mice after 28 weeks on the diet. In addition, macrovesicular accumulation of fat was apparent in the livers of wildtype mice by oil red O staining. Livers of PDK4 -/-mice also exhibited hepatic steatosis but the fat was microvesicular and less than the amount present in the liver of wild-type mice [53] .
KNOCKING OUT PDK4 INCREASES HEPATIC EXPRESSION OF PGC-1α
Hepatic steatosis occurs when the amount of fat delivered to the liver or synthesized de novo exceeds the capacity of the liver to oxidize or secrete. Inhibition of fatty acid oxidation by a mitochondrial poison induces hepatic steatosis. Decreased expression of nuclear-encoded mitochondrial genes is believed responsible for lipid accumulation in skeletal muscle in type 2 diabetes.
Reduced mitochondrial capacity for fatty acid oxidation may also be responsible for hepatic steatosis in rodents fed a high saturated-fat diet [55] . PGC-1α, transcription coactivator for several nuclear transcription factors, is a key regulator of mitochondrial biogenesis [56] . Disruption of the PGC-1α gene reduces expression of mitochondrial enzymes, reduces the number of mitochondria, and induces hepatic steatosis [57] . Conversely, activation of PGC-1α by over expression of SIRT1 protects the liver from the accumulation of fat in mice fed a high fat diet. Furthermore, hepatic levels of PGC-1α are reduced in mice fed a high saturated fat diet relative to mice fed a polyunsaturated fat diet [58] . Because an inverse correlation between PGC-1α and tissue fat has been shown in other studies, we determined the amount of PGC-1α present in the livers of wildtype and PDK4 -/-mice [53] . As reported previously for liver and muscle of mice fed high saturated-fat diets [58, 59] , PGC-1α protein was reduced in the liver of wild-type mice fed the high saturated-fat diet compared to wild-type mice fed chow diet. In contrast, a normal amount of PGC-1α was present in the liver of PDK4 -/-mice fed the high saturated-fat diet [53] . Since PGC-1α controls expression of mitochondrial enzymes [56, 57] , these findings suggest that knocking out PDK4 creates conditions that up regulate expression of PGC-1α and therefore genes that encode mitochondrial enzymes in the liver. This is a novel finding that may help explain why knocking out PDK4 reduces fat accumulation in the liver of mice fed a high saturated-fat diet.
KNOCKING OUT PDK2 TOGETHER WITH PDK4 INDUCES GREATER EFFECTS ON BLOOD GLUCOSE LEVELS, GLUCOSE TOLERANCE, AND INSULIN SENSITIVITY THAN KNOCKING OUT ONLY PDK4
PDK2/PDK4 double knockout (DKO) mice are viable and appear normal (N. H. Jeoung and R. A. Harris, unpublished studies). Blood glucose levels of the PDK2/PDK4 DKO mice are lower than that of wild-type mice in both the fed and the fasted state. Overnight fasting induces lower blood levels of lactate, alanine, and pyruvate but higher blood levels of 3-hydroxybutyrate and acetoacetate. Glucose tolerance is remarkably better in the PDK2/PDK4 DKO mice. Insulin levels remain lower during the glucose tolerance test, suggesting the PDK2/PDK4 DKO mice are more sensitive to insulin.
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SUMMARY AND PREDICTIONS
The schematic given in Fig. 4 summarizes how we visualize knocking out PDK4 affects blood glucose, FFAs, and ketone body levels. Less PDK activity results in greater PDC activity which reduces the levels of lactate, pyruvate, and alanine which attenuates hepatic glucose synthesis and results in lower blood glucose levels. Greater PDC activity results in production of excess acetyl-CoA which the liver converts to ketone bodies. Blood ketone bodies also increase because the increased oxidation of pyruvate inhibits ketone body oxidation by peripheral tissues. It is likely that FFA oxidation is also inhibited in peripheral tissues, but FFAs levels are not greatly elevated, perhaps because lipolysis in adipose tissue is inhibited by the elevated concentrations of ketone bodies [60] . Although complicated, insulin sensitivity may be increased because low PDC activity opposes the action of insulin. Greater PDC activity resulting from reduced PDK activity may facilitate the action of insulin. Knocking out PDK4 results in lower blood glucose levels, better glucose tolerance, and greater insulin sensitivity in chow fed mice. The same effects along with reduced hepatic steatosis are observed in PDK4 -/-mice fed a high saturated-fat diet.
Knocking out both PDK2 and PDK4 lowers blood glucose more effectively and produces even better glucose tolerance and insulin sensitivity in chow fed mice. Based on these findings, we predict that knocking out both PDK2 and PDK4 will have dramatic positive effects on blood glucose, glucose tolerance, and hepatic steatosis in mice fed a high saturated-fat diet. We also anticipate finding greater expression of PGC-1α, more mitochondria, and reduced levels of inflammatory markers in the liver of PDK2/PDK4 DKO mice. Such findings would provide further support for our contention that the PDKs may be good therapeutic targets for the treatment of type 2 diabetes.
Fig. 4.
Effect of inhibition of PDK4 on the metabolic control of carbohydrate and fat. KBs, ketone bodies; FFAs, free fatty acids; Glc, glucose; Lac, lactate; Pyr, pyruvate; CAC, citric acid cycle.
